Abstract: Local reinforcement along the anchorages can be one way to avoid anchorage failure in the beam-column joints with mechanical anchorages. However, previous experimental work showed that different macroscopic behaviors were observed with different local reinforcement arrangements. The reason for such variations was not clarified since internal stresses and internal crack conditions are not well understood. It is considered that the opening of diagonal cracks in the beam-column joint plays an important role on the failure behavior. In this study, a meso-scale discrete analysis using 3D rigid body spring model (RBSM) is conducted to investigate this consideration. Parametric studies by 3D RBSM are conducted in which stirrups along the anchorages in the joint are modeled as deformed and plain bars. Based on the simulation results, different performances are predicted with different types of stirrups. Before the occurrence of diagonal cracks, bond performance along the development length of the anchorages depends on the number of stirrup and is not affected by the type of stirrup. Once diagonal cracks occur, the opening of diagonal cracks is affected by the type of stirrup. When stirrups are modeled as plain bars, slippage occurs easily between concrete and reinforcement and diagonal cracks then open readily. Furthermore, damage occurs at the top surface of the joint, leading to a decrease in capacity.
However, if the mechanical anchorages are placed near the surface of a beam-column knee joint, anchorage failure may occur in the joint because of local stresses from the anchorage plates, particularly when the joint is loaded by a moment that tends to close the joint [1] [2] [3] . Local reinforcement placed along the anchorages is one way to avoid the danger of anchorage failure, but different macroscopic behaviors were observed with different local reinforcement arrangements. The reason for such variations was not clarified since internal stresses and internal crack conditions have not been well understood. Authors considered that the opening of diagonal cracks affects the macroscopic behaviour of the beam-column knee joints with mechanical anchorages [4] . In order to confirm this behavior, further studies are needed.
Numerical simulation can be a beneficial tool for understanding internal stresses and internal crack conditions. Meanwhile, experimental program will take time and is inefficient. Because a 3D simulation by modeling the 3D shape of the reinforcement including its ribs is needed, local stresses at meso-scale (10-20 mm of size) need to be considered, and cracks should be introduced directly, a 3D discrete element analysis method called 3D Rigid Body Spring Model (RBSM) is appropriate. In our research group, 3D RBSM has been used to study the behaviour of reinforced concrete members by directly modeling the shape of the reinforcement in 3D, including its ribs [5] [6] .
Ultimately, the aim of this research is to investigate the effect of the opening of diagonal cracks on the failure behaviour of the beam-column joint with mechanical anchorages by 3D RBSM. Parametric studies are conducted by modeling stirrups placed along the anchorages as deformed and plain bars. In cases deformed stirrups, the simulation results are compared with the experimental results.
NUMERICAL METHOD AND CONSTITUTIVE MODELS

Numerical method
Simulations are carried out by 3D RBSM, proposed by Kawai et al. [7] . A three dimensional reinforced concrete model is formed from a mesh of rigid bodies. Each rigid body has six degrees of freedom, consisting of three translational degrees of freedom and three rotational degrees of freedom around certain points within its interior. Each is connected to other rigid bodies by three springs: two shear springs and one normal spring ( Figure 2 ). To model a reinforced concrete member in 3D, two types of element are used: concrete and steel. As the propagation of cracks in reinforced concrete is one of the most important factors affecting reinforce concrete behavior, the mesh arrangement in the model in RBSM is important. In order to prevent cracks propagating in a non-arbitrary direction, a random geometry in the form of a Voronoi diagram is used for element meshing. Concrete elements are modeled with a size of approximately 10×10×10-20×20×20 mm 3 , which is similar to the aggregate size, in order to ensure a similar cracking pattern to actual concrete. The geometry of steel elements is modeled accurately, with full 3D modeling of the reinforcement bar arrangement, in order to properly account for interlocking between reinforcement and concrete. The meso-scale mesh arrangement used for concrete and steel in this study is shown in Figure 3 . The 
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properties of the springs are determined such that the elements, when combined together, are able to predict accurately the response determined in laboratory scale material tests. The simulation system developed by Nagai et al. [8] is used.
Constitutive model of elements
Two types of elements are used to represent the behavior of reinforced concrete in this study.
(1) Concrete elements As mentioned above, the shape of concrete elements is determined randomly using a Voronoi diagram. However, elements near steel elements are constructed manually in order to follow the actual 3D geometry of the reinforcement bars. Random element generation is thought to lead to accurate replication of concrete fracture process. The constitutive models for the normal and shear springs of the concrete elements are shown in Figure 4 . In the compression zone, the normal spring of the concrete elements behave elastically, since compressive failure is not allowed at the meso scale. A crack, between two rigid bodies occurs when the tensile strength of the normal springs exceeds the tensile strength of the concrete elements (ft). After the tensile strength (ft) is exceeded, the tensile stress of the normal spring is assumed to decrease bi-linearly depending on the crack width between the two rigid bodies. In this study, the maximum crack width (wmax) is assumed to be 0.3 mm (Figure 4a ). On the other hand, an elasto-plastic behavior is assumed for the shear springs of the concrete elements (Figure 4b ), where the maximum value of the shear stress is calculated based on Eq. (1) (Figure 4c) .
Where, τmax : maximum value of shear stress (MPa) ftelem : tensile strength of concrete (MPa) σ : normal stress (MPa) When a fracture occurs in the normal springs, the calculated shear stress is reduced according to the reduction in normal stress. As the result, the shear springs cannot carry the shear stress when the crack width of the normal springs exceeds wmax (Figure 4d ).
(2) Steel elements The geometry of steel elements is modeled in an accurate manner to properly account for the interlocking between concrete and a reinforcement bar (Figure 3) . The normal springs of steel elements are modeled based on the stress-strain relationship of steel bars proposed by Shima et al. [9] . The stress-strain relationship used for the normal springs is represented by Eq. (2). Meanwhile, the shear springs used for the steel elements are assumed to be perfectly elastic. initial strain hardening, assumed to be 1.5% (3) Concrete-steel interface At the concrete-steel interface, the constitutive models of the normal springs and the shear springs have the same behavior as those of concrete elements (Figure 4a ). However, in order to consider the concretesteel interface as a weak region, the tensile strength of the interface elements is assumed to be half that of concrete elements.
DETAIL OF NUMERICAL SIMULATIONS
Numerical models
Four numerical models are considered in this study. The simulation cases are listed in Table 1 . Two numerical models involve experimental specimens with different stirrups arrangements along the anchorages selected from among those used in experiments, by Tasai et al. [3] , who clarified the performance of mechanical anchorages with different local reinforcement arrangement along anchorages embedded in beam-column knee joints. In their experiments, different macroscopic behaviors were observed with different local reinforcement arrangements, but the reason for such variations was not clarified. In these models, stirrups along the anchorages in the beam-column joints are modeled as deformed bars. A further two numerical models are used for parametric studies in which the stirrups along the anchorages in the earlier models are modeled as plain bars. It is well understood that in the case of plain bars, slippage occurs easily between concrete and reinforcement because bond performance is determined only by the friction between concrete and reinforcement bar. If slippage occurs easily, it is expected that diagonal cracks open readily.
The notation of the variables in the two numerical models based on the experiments by Tasai et al. [3] is the same as that used for the original experimental specimens: BL1 means stirrups are provided only at the anchorage plates; BL2 means that stirrups are provided at the anchorage plates and along the development length of the anchorages. The two parametric studies are signified by BL1-plain and BL2-plain. 
BL1 BL2
BL1-plain BL2-plain Figure 5 shows the geometries of the numerical models. All modeled dimensions are the same as those in the experimental specimens. For comparison, details of the original experimental specimens are included in Figure 6 . The reinforcement arrangements in the numerical models match those of the experimental specimens, with deformed bars of 19 mm and 22 mm used as the main column and beam reinforcement, respectively. Stirrups in the beam-column joint portion of BL1 and BL2 are modeled as deformed bars of 13 mm. Meanwhile, in cases BL1-plain and BL2-plain, the stirrups in the beam-column joint portion are modeled as plain bars of 13 mm. In order to reduce the computational time, the stirrups of the beam and column are modeled as plain bars of 10 mm. The material properties of the reinforcement in each model are shown in Table 2 . High yield strength reinforcement is used for stirrups at anchorage plates to avoid yielding. Figure 5 also shows the boundary conditions of the numerical models. For comparison, details of the experimental arrangement are shown in Figure 7 . Rigid steel plates are modeled at the beam and column ends; modeled rigidity is such that deformation of the plates is prevented. To model the hinge condition in the experimental set up, pin elements are introduced into the steel plates. Only compressive forces are transferred through normal springs between the pins and the rigid plates; no tensile forces are transferred through the normal springs. Meanwhile, shear springs between the pins and the rigid plates are set to zero since friction is not allowed between the pins and the plates.
Geometry of numerical models
Boundary conditions
Since anchorage failure occurs due to a moment that tends to close the joint, this loading condition is the main interest in this study. Cyclic load applied in the experiment is not modeled in this simulation. In order to represent the moment that tends to close the beam-column joint, push load is applied to the pin in the rigid plate located at the end of the column, while the pin in the rigid plate located at the end of the beam is fixed. Monotonic displacement is applied in the simulation. This 
RESULTS AND DISCUSSIONS
Load-displacement relationships
The load-displacement relationships for BL1 and BL2, both simulations and experimental observations, are shown in Figures 8a and 8b , respectively. The loaddisplacement relationships for BL1-plain and BL2-plain are also included in Figure 8b . Maximum loads are included in Table 3 . The load is defined as the load applied on the pin in the rigid plate located at the end of the column, while the displacement is calculated based on the drift angle. In cases BL1 and BL2, the maximum loads given by the simulation results are roughly the same as those observed in the experimental specimens, with discrepancies of 5-10%. The simulation results are underestimated by 5% and 10% respectively in cases BL1 and BL2. Thus, the simulated maximum loads are in overall good agreement with the experimental results. It is predicted in the simulations that the maximum load in the case of BL1-plain (plain stirrups) is approximately 14% lower than that of BL1 (deformed stirrups), while the maximum load in the case of BL2-plain (plain stirrups) is approximately 4% lower than that of BL2 (deformed stirrups).
After exceeding the maximum load, behavior varies depending on the failure mode of the beam-column joint. It is observed in the experiment that anchorage failure in the joint occurs in case BL1 and, furthermore the load decreases significantly once the maximum load is exceeded. On the other hand, flexural failure occurs in case BL2 and the load does not decrease after exceeding the maximum load in this case. The same failure patterns are predicted by the simulations. In case BL1-plain, the load decreases significantly after exceeding the maximum load which is similar to BL1. It indicates anchorage failure in this case. Meanwhile, the failure behavior in BL2-plain is almost the same as that in BL2, but the load starts decreasing at a drift angle of around 0.030 rad. It can be concluded that if plain bars are used as stirrups along the anchorages, the performances of the beam-column joints change: the capacity and the failure behavior. By studying the internal stress and cracks using numerical simulation, the cause of the change in the performances in plain stirrups cases is investigated.
Surface cracks
A 3D representation of the surface cracks in cases BL1 (anchorage failure behavior) and BL2 (flexural failure behavior) is shown in Figure 9 . for all simulation models where BL1 and BL2 are compared with photos obtained in the experiments after failure. Generally, the simulations match the observed crack patterns well. In all cases, the simulations predict that diagonal cracks, propagating from the anchorage plates of top longitudinal bars of the beam to the corner of the beam-column joint ( ) and from the anchorage plates of the middle longitudinal bars of the column to the corner of the beamcolumn joint ( ), occur on both sides of the numerical numericals. In cases BL1 and BL2, cracks were observed at the same locations in the experimental specimens. In cases BL1 and BL1-plain, the simulation results predict damage at the top surface, which indicates anchorage failure in the beam-column joints ( ). However, the concrete spalling in the experimental specimens is not well simulated. In case BL2, the simulation predicts that cracks behind the anchorage plates would occur on the top surface ( ). Furthermore, the flexural cracks predicted in case BL2 are wider than in BL1 and BL1-plain, which indicates flexural failure in the beam-column joint (
). Almost the same behavior is predicted in case BL2-plain, but cracks behind the anchorage plates in this case are wider than in BL2. Figure 11 shows the internal stress distributions in cases BL1, BL2, BL1-plain, and BL2-plain at a drift angle 0.010 rad, at a cross section where the beam reinforcement bars are present. These internal stress distributions in the beam-column joints show that there is bonding along the development length of the anchorages in all cases at the early stage of loading. In cases BL2 and BL2-plain, there is improved bond performance along the development length of the anchorages because of the stirrups provided along the anchorages. As the drift angle increases, diagonal cracks occur in the beamcolumn joint ( ), but the occurrence of these diagonal cracks is delayed in cases BL2 and BL2-plain, because of the increased bond performance along the development length of anchorages. In cases BL2 and BL2-plain, diagonal cracks occur at the same drift angle, at a drift angle of around 0.009 rad which is indicated by a slight drop in load in case BL2-plain. Meanwhile in case BL2, since the opening of the diagonal cracks is smaller, the load does not drop as BL2-plain. In cases BL1 and BL1-plain, diagonal cracks also occur at the same drift angle, which is indicated by a slight drop in load at a drift angle of around 0.007 rad. This means that bond performance along the development length depends on the number of stirrup and is not affected by the type of stirrup. As the drift angle increases, the load increases again until the maximum load is reached. Cracks propagate behind the anchorage plates because the interface between anchorage plates and concrete is weak in tension. The diagonal cracks and these cracks behind the anchorage plates join together. Moreover, they penetrate to the top surface of the beam-column joint ( ). Consequently, if the diagonal cracks open wider without any restriction, the cracks penetrating to the top surface of the beamcolumn joint also wider. Figure 12 shows the internal stress distributions in cases BL1, BL2, BL1-plain, and BL2-plain at a drift angle 0.020 rad, at a cross section where the beam reinforcement bars are present. The increase in load is greater for BL1 than for BL1-plain, because the opening of diagonal cracks is greater for BL1-plain than for BL1. The same behavior is also predicted in cases BL2 and BL2-plain. It means that the opening of diagonal cracks is affected by the type of stirrup. If plain bars are used as stirrups along the anchorages, slippage occurs easily and diagonal cracks then open readily.
Effect of shape of stirrups along the anchorages the plain bars
The opening of these diagonal cracks significantly affects the macroscopic behavior.
As diagonal cracks open easily, damage occurs easily at the top surface of the joint and it is hard for a diagonal compressive strut to form, so there is a significant drop in load after the 
CONCLUSIONS
Based on the study of the effect of diagonal cracks opening on the failure behavior of beam-column joints with mechanical anchorages, the following conclusions can be drawn.
1. The simulations of beam-column joints with mechanical anchorages give good predictions in terms of load-displacement relationships and surface cracks. The simulation also captures failure behavior seen in experiment, in which anchorage failure occurs in case BL1 and flexural failure occurs in case BL2. Based on the simulation results, different performances are predicted with different types of stirrups: the capacity and the failure behavior. The capacity in the case of BL-1 plain is approximately 14% lower than that of BL1, while the capacity in the case of BL2-plain is approximately 4% lower than that of BL2. Anchorage failure occurs in case BL1-plain and the load starts decreasing at a drift angle of around 0.030 rad in case BL2-plain.
2. Through a study of the internal stresses and cracks modeled by 3D RBSM, it is clarified that bond performance along the development length of the anchorages depends on the number of stirrup and is not affected by the type of stirrup. Meanwhile, the opening of diagonal cracks is affected by the type of stirrup along the anchorages. When plain bars are used as the stirrups, slippage occurs easily between concrete and reinforcement and diagonal cracks then open readily.
3. The opening of diagonal cracks significantly affects the macroscopic behavior.
When diagonal cracks open easily, damage occurs at the top surface of the joint, leading to a decrease in capacity. Furthermore, anchorage failure occurs. Meanwhile, when diagonal cracks do not open easily, no damage occurs at the top surface of the joint and the capacity is higher. Flexural failure occurs in this case. 
